This paper shows that for microbial communities, ''fences make good neighbors.'' Communities of soil microorganisms perform critical functions: controlling climate, enhancing crop production, and remediation of environmental contamination. Microbial communities in the oral cavity and the gut are of high biomedical interest. Understanding and harnessing the function of these communities is difficult: artificial microbial communities in the laboratory become unstable because of ''winner-takes-all'' competition among species. We constructed a community of three different species of wild-type soil bacteria with syntrophic interactions using a microfluidic device to control spatial structure and chemical communication. We found that defined microscale spatial structure is both necessary and sufficient for the stable coexistence of interacting bacterial species in the synthetic community. A mathematical model describes how spatial structure can balance the competition and positive interactions within the community, even when the rates of production and consumption of nutrients by species are mismatched, by exploiting nonlinearities of these processes. These findings provide experimental and modeling evidence for a class of communities that require microscale spatial structure for stability, and these results predict that controlling spatial structure may enable harnessing the function of natural and synthetic multispecies communities in the laboratory.
M
icrobial communities perform a wide range of functions, such as nitrogen processing in the soil, decomposition of organic matter in the carbon cycle, and remediation of environmental contamination. These communities and their interactions with the human host are of high biomedical significance. The stability and function of these communities require balancing competition and positive interactions among multiple species (1) (2) (3) (4) (5) . Although the interactions within several symbiotic communities are well characterized, in general it is not understood how this balance is achieved within most communities of microbes. Under homogeneous laboratory conditions, most attempts to co-culture multiple microbial species do not result in stable communities, in part because of lopsided competition for nutrients among the species. In nature, microbial communities inhabit matrices with intricate spatial structure (6, 7) . Many species of soil bacteria coexist as microcolonies separated by a few hundred micrometers (8, 9) . This spatial structure has been hypothesized to be important in microbial ecology (10) (11) (12) (13) . However, on this small scale spatial structure is difficult to control in natural environments. Furthermore, microscale spatial structure has not been controlled and varied experimentally to understand its effect on the stability of bacterial communities.
To test experimentally the role of microscale spatial structure in bacterial communities, we constructed a synthetic community of three species of wild-type bacteria and used a microfluidic device based on previously described devices (14) (15) (16) (17) to control spatial structure and chemical communication within this community. Using three soil bacteria, Azotobacter vinelandii (Av), Bacillus licheniformis (Bl), and Paenibacillus curdlanolyticus (Pc), we designed this community to survive under nutrient-limited conditions by reciprocal syntrophy. We refer to the interactions within the community as ''reciprocal syntrophy'' because each species performs a unique function required for the survival of the entire community (Fig. 1A) . Only Av supplies nitrogen sources by fixing gaseous nitrogen into amino acids with a molybdenum-coupled nitrogenase under aerobic conditions (18, 19) , only Bl reduces antibiotic pressure by degrading penicillin G with ␤-lactamases (20) , and only Pc provides a carbon energy source, such as glucose, by using cellulases to cleave carboxymethyl-cellulose (21) . This community is purely synthetic-we have no evidence that these species interact in nature.
Results and Discussion
First, we attempted to co-culture all three species of the community under well-mixed conditions in a test tube in a nutrientrich or nutrient-poor medium (Fig. 1B) . Here, the nutrient-rich medium was a mixture of trypticase soy broth (TSB) and 1771 media [see supporting information (SI) Text: Cultivation of Microorganisms and Culture Media], and the nutrient-poor medium was a cellulose/penicillin medium (CP), which contained the ␤-lactam antibiotic penicillin G as the antibiotic pressure, carboxymethyl cellulose as the only carbon source, and N 2 from the atmosphere as the nitrogen source. We confirmed that Av, Bl, and Pc cannot maintain viability over time when cultured individually in a nutrient-limited medium (Fig. S1 A) . In this co-culture, we found that the community was unstable regardless of nutrient availability (Fig. 1B) . In the nutrient-rich medium, the population size of Bl increased rapidly, and the population sizes of Av and Pc decreased rapidly below the limit of detection. In the CP medium, the population size of Av increased, and the population sizes of Bl and Pc decreased. Control experiments in monoculture demonstrated that Bl grew faster at high concentrations of nutrient-rich medium; in contrast, Av grew faster at very low concentrations of nutrient rich medium, suggesting that Av had the higher affinity for a growthlimiting substrate (Fig. S1B ). In addition, we confirmed that neither the presence of heat-killed Bl nor the degradation products of penicillin G had a strong effect on the viability of Av or Pc cells (Fig. S1 C and D) . Spent medium from one monoculture did not show toxicity to another monoculture. These results indicate that, although the community has the potential for reciprocal syntrophic interactions, this potential is not realized under well-mixed culture conditions.
It is known that space influences interactions between groups of bacteria (22) (23) (24) (25) (26) , and that some bacterial communities spontaneously develop spatial structures (27) (28) (29) (30) (31) . To test whether the synthetic community can be stabilized by imposing a specific spatial structure, we used a microfluidic (14-17, 24, 32) device that localized each bacterial species into an individual culture well separated from a microfluidic communication channel by a nano-porous membrane (Fig. 1C) . This device spatially localized each species so that bacteria were unable to migrate from one well to another (Fig. S2 A and B) , while allowing chemical communication among the species (Fig. S2 D and E) . Control experiments indicated that the bacteria remained confined in a culture well and that chemicals were exchanged via diffusion through the communication channel (Figs. S2 and S3 ). The device supported growth of all three species when Av, Bl, and Pc were separated into individual culture wells of the same device and were cultured in a nutrient-rich medium (Fig. S4) .
To test whether spatial structure stabilizes syntrophic interactions within this synthetic community in CP media, cells of Av, Bl, and Pc were cultured as either a connected community of all three species ( Fig. 2A) or as isolated species (Fig. 2B ) in the microfluidic device for 36 h. When all three species were cultured in connected individual wells of the microfluidic device, the community was stable, and each species increased in population size over time ( Fig. 2 A and C) . In contrast, when each species was cultured alone in the microfluidic device, the isolated species were unstable, and the population size of each species decreased or remained at initial levels ( Fig. 2 C and D) . Similar results were obtained when only two members of the community were cultured in the microfluidic device ( Fig. S5 ): live-cell numbers in cultures of two-member communities were significantly less than those in cultures of all three community members. Therefore, spatial structure stabilized the community and facilitated syntrophic interactions between community members. It would be interesting to investigate the influence of spatial structure on stability of communities over long time scales. This investigation would require building an open system (24), supplying nutrients and removing waste, and also monitoring genotypic changes in the bacterial population.
To test the influence of changes in spatial structure on this stability, we varied the distance between the individual, constant-size culture wells of the microfluidic device and proportionally changed the diameter of the communication channel between the wells (Fig. 3) . When all wells were inoculated with a mixture of all three species, effectively reducing the separation distance between species to a few micrometers, the community experienced a significant, overall population decline in 36 h (Fig.  3A) . We could not always reliably differentiate Pc from Av, but we did not find any cells that resembled Pc in the mixture after 36 h. A similar decline was observed when each species was inoculated individually into a culture well separated from the other wells by 1800 m (Fig. 3B) . Interestingly, the community coexisted stably only at intermediate separation distances on the order of a few hundreds of micrometers (Fig. 3B ). These results suggest that a specific spatial structure is required for the stability of the community.
Next, to interpret better the effect of spatial structure, we developed a simple mathematical model describing the role of spatial separation in modulating production, consumption, and diffusion of molecules that regulate the functions of neighboring colonies within a community. To illustrate the model, we use the exchange of essential nutrients between the colonies as an example (e.g., when a colony of species ␣ produces nutrient A, and a colony of species ␤ produces nutrient B). Colonies are separated by distance L (m). The full model, which takes into account both nutrient fluxes and colony growth ( Fig. S6 and S7 ), provides the same overall conclusions as the simpler model below that focuses on nutrient fluxes.
Nonlinearity must be present for spatial effects to be observed (34), and we used a nonlinear production (24, (35) (36) (37) function approximated as the product of two Hill functions (Fig. 4 , blue plane): 
where [X] (M) is the concentration of the nutrient X at colony , N is the number cells in colony , and k i are constants (Table  S1 ). Eq. 1 is an example of a nonlinear equation with a two-component threshold for activation that saturates at high concentrations. For our analysis the exact form of the equation is not critical. The same conclusions are obtained from any other set of equations that represent the same general shapes of the curves. In addition to the nonlinearity of the production curve, many other nonlinearities may give rise to spatial effects (38) . For simplicity, consumption of nutrients is taken to be linear where the rate of consumption of nutrient A by colony ␣ is defined as
and the rate of consumption of nutrient A by colony ␤ is defined as
The total consumption of A is the sum of Eqs. 2 and 3 (Fig. 4 , red plane). The shapes of linear consumption and nonlinear production curves of glucose by Pc were confirmed experimentally (Fig. S8) . We simplify production of B by species ␤ to a constant source of nutrient B that diffuses from ␤ to ␣ (in These concentration values mimic the profile of a diffusive gradient connecting colonies ␣ and ␤ (Fig. 4A) . The system is stable at a distance L only when the combined consumption rate of a nutrient is matched by the production rate. This criterion is met only when the three surfaces for [B] ␣ , production of A and consumption of A in Fig. 4 cross at a non-zero point. As L is increased, the two effects compete: the consumption of nutrient A by species ␤ decreases (Fig. 4B) , and [B] ␣ decreases (Fig. 4C) . The spatial dependence observed in Fig. 3 is recapitulated in this model. For small L, [B] ␣ is high, but mutual consumption exceeds production, and the criterion for stability is not satisfied (Fig. 4D) . For larger L, both [B] ␣ and the Fluorescence images of an isolated species in the microfluidic device at t ϭ 36 h. The same species occupied all three culture wells. Images at t ϭ 0 were similar to those for the three species community at t ϭ 0 (A, Top) and are not shown. Bacteria were stained with a fluorescent dye to indicate live (green) and dead (red) cells. Scale bars represent 50 m. (C) Graphs comparing the number of live bacteria over time in devices containing all three species, each in an individual well (open squares) and in devices containing a single species in all three wells (closed triangles). Error bars represent standard error with n ϭ 3, except for Av, 0 h (n ϭ 4) and Bl, community, 24 h; Pc, community, 12 h; Pc, community, 36 h; and Pc, isolated species, 36 h (n ϭ 2). P values were calculated by using two-way ANOVA. consumption rate decrease (Fig. 4E) , and a stable steady state occurs. The nonlinearity (saturability) of the production curve is critical in this model: species ␣ is insensitive to a decrease in [B] ␣ but is sensitive to a decrease in the consumption of nutrient A. No stable steady state is found at very large L (Fig. 4F) : the consumption rate of nutrient A by species ␤ becomes insignificant, the total consumption rate approaches the rate of consumption of nutrient A by species ␣ only (Fig. 4, gray plane) , and [B] ␣ becomes so low that it becomes limiting and no stable steady state is possible.
This model predicts three classes of microbial communities (Fig. 4 G, H, and I) with obligate interactions. A Class I community is stable in a well-mixed environment (Fig. 4G) , as well as at intermediate separations (Fig. 4H) , because produc- tion rates are sufficiently high to accommodate consumption by all species. However, a Class I community is not stable beyond a maximum separation where metabolic coupling is lost (Fig. 4I) . A Class II community is not stable when colonies are well mixed or too close, because consumption exceeds production (Fig. 4 D  and G) . As the species become spatially separated, interspecific competition is reduced, and the community becomes stable (Fig.  4 E and H) until the maximum separation is reached, and then metabolic coupling is lost (Fig. 4 F and I) . Class II communities require spatial structure for stability; the synthetic community described in this paper is Class II. Simulations of the full model that includes colony growth (see SI Text: Full Mathematical Model Including Colony Growth) demonstrated that for a Class II community non-zero steady state values of nutrients and colony sizes are observed only for intermediate separations (Fig.  4 J and K) . A Class III community is not stable at any separation distance, because the distance at which the colonies are metabolically decoupled is smaller than the distance at which crossconsumption is sufficiently reduced (Fig. 4 G and I) .
This work experimentally shows that examining microscale spatial structure and transport in natural environments may be essential to understand how communities of microbes interact (39) and perform community-level functions in natural ecosystems (40) and how species diversity of microbial communities is maintained on the microscale. Several Class I communities have been characterized and cultured (41) , but the number of communities in nature vastly exceeds the number of communities cultured in the laboratory. Metabolic requirements for a Class II community are less restrictive. It remains to be established whether many natural communities are Class II; if so, they would not be culturable by traditional methods but could be cultured by methods that control spatial structure, such as the microfluidic devices (14, 24, 32, 33) . It is possible that many unculturable species of microbes may require growth factors that could be provided by cultivation within a Class II community. Class II communities also can be constructed synthetically, as was done here, by choosing strains that do not necessarily coexist in nature but that possess desired complementary functions. Although here a synthetic community of three different species is stabilized by the spatial structure of an equilateral triangle a few hundred micrometers in size, other communities may be stable at different distances and in different geometric arrangements. Mathematical modeling suggests that communities can be stabilized by a range of spatial structures, indicating that this mechanism may be applicable in a variety of natural and laboratory settings. Using spatial structure, rather than matching metabolic and growth rates, also would expand the range of systems amendable to synthetic biology approaches (22, 23) . Control of spatial structures in the laboratory may be used to understand better naturally occurring communities that have environmental and biomedical relevance, to harness the functions of natural microbial communities, and to create synthetic communities with new functions.
Materials and Methods
See SI Text for materials, more detailed procedures, and additional data.
Fabrication of Devices.
The microfluidic devices were fabricated by using multilayer soft lithography in polydimethylsiloxane (PDMS) (14 -16) . The culture wells and the communication channel were separated by a polycarbonate membrane with 0.2-m pores and were bonded together by using PDMS prepolymer (16) .
The device used here consisted of two layers-a well layer and a channel layer. The well layer was designed with three culture wells, 200 m in diameter and 150 m high, separated by 600 m. The channel layer was designed with a circular channel 1100 m in diameter and 150 m high. For the experiments shown in Fig.  3B , the well layer was designed with wells 200 m in diameter and 150 m high separated by 1200 m or 1800 m, and the channel layer was designed with a circular channel 2200 m or 3300 m in diameter and 150 m high. Each layer was prepared by pouring 5 ml of PDMS (Sylgard, Dow Corning) prepolymer (10:1, silicone elastomer to the curing agent, Sylgard) onto the patterned wafer. A flat, silanized PDMS support was placed over the prepolymer, and air bubbles were removed. Next a 5-kg weight was placed on the PDMS support, and the setup was cured at 60°C for 6 h. The well layer with the PDMS support was stamped on a glass slide (75 ϫ 50 ϫ 1 mm, Fisher Scientific), spin-coated with a layer of PDMS prepolymer ϳ 10 m thick (1:2 elastomer to curing agent; 3,500 rpm for 30 sec in a Laurell Model WS-400A-GNPP/LITE rotor), attached to a nanoporous polycarbonate (PC) membrane (Isopore, 0.2-m GTBP, Millipore), and incubated in a dry oven (110°C) for 1 min. After the PDMS support was removed, the channel layer was stamped on a glass slide, spin-coated with PDMS prepolymer, and the channel layer was aligned with the culture wells of the well layer below the PC membrane. The assembled device (Fig. 1C) was cured at 60°C for 3 h. For sterility, all microfluidic devices were soaked in a 20% ethanol solution under UV exposure overnight.
Cultivation of Microorganisms and Culture Media. Bacterial strains of Av (ATCC 12837), Bl (ATCC 25972), and Pc (ATCC 51899) at exponential phase were inoculated individually into individual culture wells in the microfluidic device at a density of ϳ 500-1000 live cells/well. The number of live cells loaded into each well varied by Ϯ 10%. The inoculated device was placed over a droplet of appropriate medium on a siliconized glass cover slide, and the medium filled the communication channel below the wells. The device was inverted and incubated at 30°C. The low-nutrient antibiotic medium (CP medium) contained carboxymethyl cellulose (1 g/L) as a sole carbon source, no nitrogen source, and penicillin G (100 mg/L). The nutrient-rich medium was a mixture of TSB and 1771 media in a 4:1 (vol/vol) ratio. The number of viable cells in macroscale cultures was estimated by agar plate counting of colony-forming units; in contrast, the number of live cells in a microfluidic device was counted manually after the live/dead staining with solutions of SYTO9 (Molecular Probes), which stained live cells green, and propidium iodide, which stained dead cells red.
Data Acquisition and Analysis of Microscopic Images.
Images of bacteria stained with live/dead dye were acquired by using an epi-fluorescence microscope (Leica) with either GFP (L5) or Texas red (TX2) filter sets. After fluorescent images taken by both filters were processed with appropriate background scales, the GFP and Texas red images were overlaid using MetaMorph image software (Molecular Devices). Intensity profiles of all fluorescent images in the main text are provided in Fig. S9 . Mathematical Modeling. Mathematical modeling was performed using Mathematica software (Mathematica 6.0, Wolfram Research Inc.). The equations for each curve in Fig. 4 are found in the main text with rate constants: k 1 ϭ 10, k 2 ϭ 5, k3 ϭ 5, k4 ϭ 2, and k5 ϭ 2. The constants k1, k4, and k5 have general units of (time ϫ colony size) Ϫ1 , whereas k2 and k3 have units of (concentration) 3 Statistical Analysis. Statistical analysis was performed by using two-way ANOVA with standard weighted-means analysis, where independent variables were time and community composition. P-values indicate the combined comparison of both variables. All error bars indicate standard errors.
